Direct metal deposition (DMD) is an automated 3D laser cladding technology with co-axial powder injection for industrial applications. The actual objective is to demonstrate the possibility to produce metal matrix composite objects in a single-step process. Powders of Fe-based alloy (16NCD13) and titanium carbide (TiC) are premixed before cladding. Volume content of the carbide-reinforced phase is varied. Relationships between the main laser cladding parameters and the geometry of the built-up objects (single track, 2D coating) are discussed. On the base of parametric study, a laser cladding process map for the deposition of individual tracks was established. Microstructure and composition of the laser-fabricated metal matrix composite objects are examined. Two different types of structures: (a) with the presence of undissolved and (b) precipitated titanium carbides are observed. Mechanism of formation of diverse precipitated titanium carbides is studied.
Introduction
Direct Metal Deposition (DMD) is an automated 3D surface engineering technique arising from laser cladding technology with co-axial powder injection that allows depositing materials of a different nature on a metallic surface of an industrial part [1] . The principal objective of laser cladding is to improve wear, impact and corrosion resistance of mechanical parts and to repair high-value components [2] [3] .
Metal Matrix Composites (MMCs) found applications in automotive and aerospace industrial sectors due to their high strength, hardness, and wear resistance [4, 5] . MMCs are produced by laser from a wide range of alloys and of reinforcement phase particles including borides, carbides, nitrides, oxides [6, 7] . Two methods can be used to form reinforcements in MMCs: one is to blend hard particles with an alloy powder and to fabricate a MMC; the other is to produce reinforcement phase by reactions between the elements of the cladded alloy. In general, in situ produced particles are thermally stable which contributes to the improvement of the strength properties at high temperatures. Direct Metal Deposition is employed in laser rapid manufacturing (LRM) of near-net-shape metallic parts from 3D design in one step [8] [9] [10] . The technology can decrease the overall production cost because of the material and machining time savings [11, 12] .
The objective of this research is to demonstrate the possibility to produce by DMD carbide-reinforced MMC objects from a mixture of high-strength steel 16NCD13 and titanium carbide powders. 16NCD13 is a steel possessing high hardness combined with desirable impact and fracture toughness characteristics. The steel suits for critical aerospace gear and actuator applications. Titanium carbides are excellent as reinforcement phase for MMCs due to their high hardness, chemical and thermal stability at high temperatures.
In the present study, statistical analysis of the influence of the laser cladding process parameters on the track geometry is carried out. A laser cladding process map for manufacturing MMC material is established. Different types of MMC structure with undissolved and precipitated TiC particles are investigated. The process parameters are optimized to fabricate MMC objects with no defects.
Experimental procedure

Materials
Matrix Metal Composite material was manufactured on cast iron substrate S235 from a mixture of commercially available powders: (a) high-strength low-carbon steel 16NCD13 by Aubert & Duval (France) with -150+50 μm particle size (Fig. 1a) ; (b) titanium carbide TiC by TLS Technik GmbH & Co (Germany) with -106+45 μm particle size (Fig. 1b) . The chemical composition of steel powder is presented in Table 1 . The powders were premixed in different proportions: 85 and 15; 90 and 10; 95 and 5; 97.5 vol. % of steel and 2.5 vol. % of titanium carbide, respectively.
Experimental setup
The experiments were performed on Trumpf DMD505 commercial industrial-scale laser cladding installation. The machine is equipped by a 5 kW continuous wave CO 2 laser system. The laser beam having TEM 01 energy density distribution is focused in a circular beam spot 20 mm above the treated surface. The beam spot diameter d 0.86 increases linearly from 3.6 to 5 mm as the laser power varies from 2 to 5 kW. A computer-controlled powder injection set-up consists of: powder feeding system, coaxial cladding nozzle mounted on CNC five-axis gantry. The powder is applied to the workpiece via the nozzle with a stream of Ar and He gas mixtures (9:1).
Experimental plan
To analyze the influence of the main laser cladding parameter on the geometry of an individual track, an experiment plan was established ( Table 2 ). In total, 64 tracks of 25 mm length were cladded, and cross-sections of all of them were studied. The main track geometrical characteristics such as track height H, track width W and substrate melting depth h were measured in the beginning, the middle and the end of each laser track, and then their average values were calculated. The technological characteristics such as dilution D = h/(H + h) and powder deposition efficiency E p = 2/3·ȡ·H·W·S/F were estimated. For microstructure analysis, layers were produced by overlapping individual laser tracks by 3 mm in each step. Thick coatings were fabricated by criss-cross manufacturing strategies i.e. the cladding directions of two consecutive layers were perpendicular to each other.
Microstructure characterization
After etching, cross sections of the multi-layered coating samples were subjected to metallurgical analysis on an optical microscope (ZEISS Axioscope A1), and studied on a scanning electron microscope (TESCAN Vega 3 SB with EDS). The microhardness testing was performed on BUEHLER Omnimet MHT 5104 equipment. 
Results and discussion
Laser cladding processing map
Statistical analysis of the geometry of a laser track versus the main laser cladding parameters was conducted and described in details by De Hosson et al. [13, 14] .
In this study, track height H, track width W, dilution D, powder efficiency E p were analyzed, and combined parameters for each quantity were found.
A statistical linear correlation between the combined parameter P·F/S and the laser track height H has a high regression coefficient R 2 = 0.9 (Fig. 2a) . It is obvious that the laser power P and the amount of powder per unit length F/S play a major role and determine the height of the deposited tracks. The laser track width W depends on the combined parameters P/S 1/2 as is clearly shown in Fig. 2b . In this case, the laser power P and the laser cladding speed S are crucial parameters whereas the powder feeding rate F is the least important one. Under conditions applied in this study, variation of the powder feeding rate does not change significantly the diameter of the powder flow in the working area. As to the size of the molten pool on the surface of the substrate, it is defined by the heat input per unit length P/S. Table 3 summarizes all the geometrical characteristics and technological parameters with the best correlations for the track laser cladding from steel/titanium carbide powder mixture. On the base of the present parametric study, a laser cladding process map was established (Fig. 3) . All combinations of the experimental cladding parameters are marked by rectangles. The horizontal dashed lines present three different levels of dilution of 10, 25 and 40%, respectively. The hyperbolic curves correspond to diverse track height changing from 0.1 to 0.9 mm. Different powder deposition efficiency E p is given by the dotted curves. The zone of acceptable dilution and high powder deposition efficiency is cross-hatched. The laser cladding parameters can be selected according to the quality and height of the deposited tracks.
It should be noted that the laser cladding process map also allows estimating the thickness of the 1st layer which usually exceeds by 15-30% the track height and depends on the step between the overlapping individual tracks. To evaluate the thickness of the 2nd or the 3rd layer is difficult due to changes in laser cladding conditions such as state of the surface, substrate material, etc.
Microstructural characterization
After metallurgical analysis, the laser cladding process map was divided into two zones: 1 -low energy zone; 2 -high energy zone (Fig. 4) .
Four different types of MMC structure from 16NCD13/TiC were obtained: 1 -coarse undissolved TiC particles non-uniformly distributed in the steel matrix (Fig. 5) ; 2 -coarse undissolved and partially dissolved TiC particles and fine precipitated reinforcement phase of cubic, dendritic and acicular shape homogeneously dispersed throughout the metal matrix (Fig. 6) ; 3 -fine uniformly distributed precipitated reinforcement phase particles of cubic, dendritic and acicular shape (Fig. 7) ; 4 -reinforcement phase in the form of acicular particles precipitated around the grains (Fig. 8) .
Different stages of the dissolution of the titanium carbides captured by the solidified material are shown in Fig. 9 . Titanium carbide particles completely dissolved and a fine reinforcement phase of various types can be precipitated in the steel matrix by increasing the laser power P and reducing the powder feeding rate F (regime 2). The first and second types of structure with undissolved particles are possible only at a high volume content of TiC in the powder mixture (more than 15 vol. %). The third and the fourth type of structure with the precipitated reinforcement phase is formed at lower volume content of carbide, 10 and 5 vol. % , respectively, and only under regime 2.
Undissolved TiC particles accumulate between layers or form an agglomeration in the matrix. Such behaviour of the carbides leads to a dramatic reduction in strength properties of the material. MMC material with no defects can be produced if TiC is completely dissolved in the steel matrix. Typical structure of a laser-fabricated MMC material with a fine precipitated reinforcement phase is presented in Fig. 10 . Analysis of the distribution of the chemical elements in the MMC structure showed a high concentration of titanium in the cubic and dendritic particles (Fig. 11 ). This type of TiC was formed during cooling of the material in the liquid phase, and further on played role of crystallization centers of the grains, as it is clearly seen in Fig. 10 .
Analysis of the zone between the precipitated cubic and dendritic particles demonstrated that titanium is nonuniformity distributed, and its content is rather high at the grain boundaries (Fig. 11) . The cooling rate has a considerable effect on the homogeneity of the chemical composition of the solidified metal. At a moderate cooling rate, different zones of solidified metal have the same composition corresponding to the composition of the basic alloy because the diffusive redistribution of the elements in both liquid and solid phase takes place in the temperature interval of crystallization. At a high cooling rate, the complete redistribution of the alloy elements does not occur because of the lack of time. During next cooling below the solidus, acicular eutectic TiC particles are formed from solid iron-titanium solution in the regions of high titanium content.
Microhardness
The microhardness testing results for laser-deposited MMC material is highly diversified that indicates a considerable influence of the type of structure on the properties of the samples (Fig. 12) .
At high volume content of TiC in the powder mixture (more than 15 vol. %), microhardness of the MMC material does not exceed one of the pure laser-cladded steel. Microhardness of an upper layer of the deposited coating increases by 60% by reducing up to 5 vol. % of the added carbides. At the content of 2.5 vol. %, microhardness of the composite material reaches its maximum value of 594 HV 0.1 .
During deposition of the subsequent layers, microhardness drops in the direction from the surface of the coating to the interface because of the repeated heating of the metal. Structure and phase transformations with volume changes occur that leads to the partial weakening of the original cladded composite material.
At fractions less than 5 vol. % of TiC, dissolved titanium reacts practically entirely with carbon, a structure enriched by acicular precipitated TiC particles is formed that sharply increases microhardness of the MMC material. Higher amount of dissolved titanium in the material can weaken the metal matrix. 
Conclusions
A carbide-reinforced Metal Matrix Composite material from a mixture of low-alloy steel 16NCD13 and titanium carbide powders was produced by laser cladding.
An equation of relationship between processing parameters and track geometry was derived by statistical analysis. On the base of parametric study, a laser cladding process map for the deposition of individual tracks was established. Optimal process parameters for laser deposition of MMC material were chosen.
Four different types of MMC structure were obtained, namely, with (1) undissolved TiC particles, (2) partially dissolved TiC and fine precipitated TiC particles of cubic, dendritic and acicular shape, (3) fine precipitated TiC particles of different shapes, and (4) only fine acicular TiC particles. MMC material with no defects can be produced if TiC is completely dissolved in the steel. Fine precipitated TiC particles of cubic, dendritic and acicular form are uniformly dispersed throughout the metal matrix. Microhardness of the obtained composite material reached its maximum values at low TiC content in the powder mixture.
